In the human oral cavity, which is an open growth system, bacteria must first adhere to a surface in order to be able to colonize. Ability to colonize a non-shedding tooth surface is necessary prior to any odontopathic or periodontopathic process. Complex microbe-host relationships occur and must be studied before the commensal-to-pathogenic nature of the human indigenous oral flora can be understood. Medical pathogens, if present in the appropriate host, always produce specific disease. Caries and periodontal diseases are conditional diseases, requiring numbers of certain indigenous species at various sites, particularly the tooth surface. In the case of caries, the condition is related to sugar consumption. Periodontal disease/s may require certain host and environmental conditions, such as local environment or nutritional factors in gingival crevicular fluids. Nonetheless, critical numbers of certain indigenous species must be present in order for these diseases to occur. The aim of this review is to understand the acquisition of the indigenous oral flora and the development of human dental plaque. The role of the salivary pellicle and adherence of indigenous bacteria to it are critical first steps in plaque development. Bacterial interactions with saliva, nutritional factors, growth factors, and microbial physiologic processes are all involved in the overall process of microbial colonization.
Introduction

I
n the past four decades, microbial ecologists-including microbiologists, taxonomists, molecular biologists, biochemists, epidemiologists, and dental scientistshave accumulated information which has led to the identification of the presumed pathogens of human dental caries and periodontal disease/s. The consensus among many scientists regarding the microbes related to these oral diseases is as follows: The primary etiologic agents of coronal caries and root caries are the mutans streptococci, particularly Streptococcus mutans and Streptococcus sobrinus (Ellen et al, 1985; Loesche, 1986; Bowden, 1990 ; van Houte, 1994; van Houte et al, 1994) ; secondarily implicated are the Lactobacillus species and perhaps some non-mutans streptococci in coronal caries, particularly the acid-tolerant strains: Streptococcus sanguis, Streptococcus gordonii, and Streptococcus oralis (van Houte et al, 1991; SansoneeU/., 1993) .
In chronic periodontitis, the species primarily implicated, perhaps more appropriately as risk indicators than etiologic agents, include Porphyromonas gingivalis, the spirochetes (including Treponema and Selenomonas species), and secondarily Campylobacter, Fusobacterium, and Bacteroides species, as reviewed by Socransky and Haffajee (1992) . Outside the scope of this review, Actinobacillus actinomycetemcomitans is associated with juvenile periodontitis, and Prevotella, Fusobacterium, and Actinomyces species are associated with gingivitis, as reviewed by Socransky and Haffajee (1992) .
Why did this knowledge require decades of research, given the sophisticated biotechnology which has surrounded us for years? The primary answer is the complex ecology of the oral cavity, due to its anatomy, physiology, and varied microbial populations. Extensive work by taxonomists has identified over 300-400 species which are now considered indigenous to the human oral cavity (Moore WEC et al, 1982a ,b, 1983 Moore LVH, 1987) . These diverse species, coupled with the huge numbers of micro-organisms living within the mouth, have presented a formidable barrier to the identification of possible pathogens from within this population.
In this review, we will discuss the important milestones which have led us to today's understanding of oral microbial ecology (in particular, human dental plaque). Since dental plaque is a complex ecosystem, this review will include the views of many scientists on the microbial ecology of dental plaque, concentrating on phenomena which are believed to regulate human den-tal plaque development. The discussion will center on normal supragingival plaque development and its relationship to the ecology of subgingival plaque, and the presumptive pathogens associated with diseases of dental caries and of chronic periodontitis.
From Commensal to Pathogen
In the 1940's and 1950's, the prevailing view was that the indigenous oral microbiota were primarily commensally related to the human oral cavity, similar to the complex flora in the gut. During the 1950's and 1960's, indigenous micro-organisms were finally implicated as the primary etiologic agents of dental caries and periodontal diseases (Orland et al, 1954 (Orland et al, , 1955 Jordan et al, 1959; Fitzgerald and Keyes, I960; Fitzgerald, 1963a,b; Jordan and Keyes, 1964; Fitzgerald et al, 1966) . A small cadre of microbial ecologists revealed, through germ-free (gnotobiotic) and conventional animal models, that certain indigenous oral bacteria were more "virulent" than others and were able to cause gross disease in teeth, e.g., S. mutans and, in the periodontal supporting structures, Actinomyces species (Keyes, 1958 (Keyes, , 1959 Fitzgerald, 1963b; Fitzgerald and Keyes, 1963) . These experiments signified an important breakthrough, suggesting that a single species or a small group of species caused oral disease(s).
A series of pivotal observations was published in the late 1960's and early 1970's. Glucans (dextrans) were found to be uniquely involved in animal caries caused by mutans streptococci (Edwardsson, 1968) . Only mutans streptococcal strains which produced glucans from sucrose were capable of causing caries in animal models. Additionally, only strains of mutans streptococci which bound glucan caused animal caries, as reviewed by Loesche in 1986 . These observations were extended to suggest that glucans were the universal glue that also held plaque together (i.e., the plaque matrix), since mutans streptococcal plaques in animals fed large amounts of sucrose were dispersed by glucanases (dextranases) . This enzymatic dispersion also prevented caries formation, as reviewed by Loesche in 1986. Subsequent clinical human trials found no plaque dispersion with the use of glucan hydrolase rinses. This may have been related to the inability of these enzymes either to penetrate the plaque or to persist for very long. These negative results may have been artifacts, since studies by Carlsson and Egelberg (1965) and Carlsson and Sundstrom (1968) suggest strongly that glucans function as enhancers of plaque mass (per mm 2 tooth surface) and as wideners of the interbacterial distance in human plaque; this increase in the volume of the matrix of plaque may have a fundamental effect on plaque porosity and, hence, on plaque's pH-lowering and cariogenic potential (van Houte et al, 1989) . (See discussion later in this review.)
The task during the 1970's in longitudinal and crosssectional studies was to find amphibionts (Rosebury, 1962) of individual microbial species (or groups of species), from the huge numbers and kinds of microorganisms living in the oral cavity, associated with human dental caries or periodontal disease(s). For example, amphibionts have the potential to produce disease but do not always express their virulence. Medical pathogens, if present in the host, always produce (except in the carrier state) their specific disease. Caries is a conditional disease, i.e., all cariogenic bacteria require the condition of sugar presence to express their virulence. Hence, with acidogenic bacteria, a certain species could be cariogenic although their proportions in plaque may not be correlated with caries activity. Thus, the condition is that a certain species may not be greatly affected by the level of sugar consumption, e.g., Streptococcus sanguis and Actinomyces sp. In contrast, S. mutans and the lactobacilli are greatly affected by sugar, and thus, the outcomes of studies showed them to serve as caries risk indicators.
It is likely that periodontal disease/s are also conditional diseases but appear to have a multifactorial etiology. However, a major difficulty has been one of accurately determining the total numbers of a possible periodontal pathogen in dental plaque. If a supplemented enriched blood agar plate was used, species were not present unless they comprised > 1 % of the flora that grew on that medium (1 colony out of 100, for example). Unlike septicemia or epidermal or mucosal diseases, where the presence of some pathogenic species can indicate disease, prevalence does not always correlate with dental disease, because sampling methods cannot easily select microhabitats where a pathogen may predominate (e.g., the pits and fissures of teeth). Also, selective agars were variably selective against the species they were designed to enumerate, forcing scientists to deal in relative proportions of species from the unquantified scoops of plaque sampled from teeth (Bandt et al, 1982; Liljemark et al, 1984) . So, based more on the animal models mentioned above than on a strong correlation with a species' prevalence and proportions in humans, bacteria were singled out for virulence studies similar to other pathogens associated with disease outside the mouth.
The Cultivation of the "Sanguis streptococci",
Streptococcus mutans, Actinomyces viscosus, and Porphyromonas gingivalis
Four species-A. viscosus, P. gingivalis, S. mutans, and the sanguis streptococci-discussed in this review were repeatedly studied in longitudinal and cross-sectional studies. For this reason, their particular cultivation and the accurate description of our nomenclature are as follows: There are two species "groups" of streptococci. The "sanguis streptococci" is our own short term for adherent hard colonies isolated on mitis salivarius agar. They were originally described and differentiated by colonial morphology by means of a scheme still used (Carlsson, 1967) ; the group now includes the species S. sanguis, S. gordonii, and S. oralis (Kilian et al, 1989) . The rationale for grouping these particular species is not only one of convenience. From the ecological point of view, these three species are the predominant streptococci in developing human dental plaque, making up from 80 to 90% of the total cultivable anaerobic flora and even a high percentage of the total streptococci present. Further, even though it has been suggested that one or the other is first to adhere to salivary pellicle, no particular unique role, ecologically or as amphibionts, has been noted in the literature as yet. This grouping reflects the rationale presently used to group the various cariogenic species of what was formerly S. mutans into the commonly used term "mutans streptococci". The mutans streptococci, as similarly enumerated on mitis salivarius agar and in North American and European ancestry, include primarily S. mutans and S. sobrinus. S. mutans, similarly enumerated on mitis salivarius agar, we often call a mutans streptococci, and can include S. sobrinus. The fact that the streptococci can be easily and visually differentiated made them easier to correlate with disease/health than the Actinomyces or "Bacteroides" species (formerly called dark-pigmented Bacteroides sp., due to their colonial color). Speciation of Bacteroides originally required prior isolation and was tedious and expensive, due to their fastidious nature and the lack of a reasonable selective agar. These dark-pigmented anaerobic rods included the species P. gingivalis, Prevotella intermedia, Prevotella melaninogenica, and others on supplemented blood agar. Because they were grown on a rich medium, they were not detected when present in less than 1% of the population. The pigmented species most often associated with chronic periodontitis is P. gingivalis, as reviewed by Socransky and Haffajee (1992) .
Actinomyces species were first studied by means of several agars. They were most strongly related to periodontal disease, particularly gingivitis, when a medium high in cadmium was used (Ellen and BalcerzakRaczkowski, 1975) , in combination with speciation by serology and the catalase test (Fillery et al, 1978) . This scheme gave numbers for Actinomyces viscosus (now referred to as A. naeslundii genospecies 2 but called A. viscosus here for ease) and Actinomyces naeslundii genospecies 1 (Putnins and Bowden, 1993) . Unfortunately, most strains of the unrecognized (at this time) supragingival plaque colonizer Actinomyces odontolyticus did not grow well on this agar. We combined the CFAT agar (Zylber and lordan, 1982) in several large cross-sectional studies, with the above catalase/serology scheme (Fillery et al, 1978; Putnins and Bowden, 1993) . It became apparent that earlier studies using this agar had erroneously included A. odontolyticus with the other Actinomyces. This elevated their numbers and incorrectly reported the magnitude of colonization of A. viscosus in supragingival plaques on smooth surfaces of enamel (Liljemark et al, 1986 BloomquisUU/., 1996) .
Background-defining Microbe-Host Relationships
Oral diseases fall between the commensal non-specific variety, "any gross plaque causes disease" (Ellen, 1982) , and diseases with specific etiologies where the presence of a pathogen is equivalent to disease. Dental plaque can be viewed as intrinsically healthy or disease-producing. The former attribute is the perspective of most microbial ecologists. In microbial terms, the normal flora collectively describes the various microbial types frequently found by culture or microscopy on the surfaces in the oral cavities of normal, healthy individuals, and is a synonym for indigenous microflora. Indigenous species are frequently encountered in one or more typical human anatomic regions, are found at least as often in the absence of disease as in its presence, and have as their primary habitat the human species and, in this review, the oral cavity . Indigenous species, in relation to their host, are between symbiosis (the living together of two dissimilar organisms, both benefiting) and pathogenicity (where one organism is harmed). The typical indigenous microbe is obligately parasitic (non-saprophytic) and not overtly, actively, or obligately pathogenic in a particular host. The indigenous microbes that compose the normal flora would, when disturbed, promptly re-establish themselves in a stable ecosystem.
The pathogenicity of a microbe denotes its ability to cause disease. The indigenous flora usually protects against disease. Infection refers to the presence and multiplication of a pathogenic micro-organism in body tissues to the extent that harm is done to the host. In the oral cavity, indigenous species become pathogenic when they leave microhabitats where they are harmless (tongue papilla) to reproduce in microhabitats where their by-products or presence causes disease (subgingival crevice). Indigenous species also become pathogenic when they reproduce under certain conditions in certain locations, and become a larger proportion of the population. Predominant indigenous species must constantly be pioneers, as well as persevere, in a microhabitat. To do this, they must exhibit a combination of adherence and growth characteristics which affect their colonization. Colonization includes adherence, desorption, and cell division, which yields a positively increasing or predominant population within a habitat. Colonization requires a minimal infective dose of microbes per mL of saliva in the oral cavity, or presence in supragingival plaque (van Houte and Green, 1974; Duchin and van Houte, 1978; LiljemarkeUl., 1984) . Colonization by a predominance of non-pathogenic species results in dental health within the oral cavity (Marsh, 1991b) .
Value of the Normal Indigenous Flora
There are several ways the normal microbial flora benefits the host. First, it may provide protection from similar but more pathogenic species. For example, bactericidal antibodies to Neisseria meningitidis, a common causative agent of spinal meningitis, have been found in children colonized with a normal resident, Neisseria lactamicus. These provide at least partial protection against all capsular types of N. meningitidis. It is apparent, teleologically, that many of the indigenous microbes are closely related to their more virulent relatives and often possess common antigens. Humans have frequent transient bacteremias from chewing and from breaks in the skin and mucous membranes and have thus acquired low-level circulating antibody titers specific to their indigenous flora. These may contain antigens which cross-react with external overt pathogens, thus elevating the host's immunity to more virulent strains.
Second, the normal microflora provides a barrier to colonization by more virulent bacteria via the spatial inhibition of potential adhesion sites, by physiologic competition for limited nutrients, or by inhibitory substances produced by the indigenous species. Fortunately, in supragingival plaque, the pioneering species which persevere on the teeth as a member of the normal flora exhibit a combination of adhesion and growth characteristics which affect their colonization. This colonization of supragingival tooth surfaces, for example, is fairly permanent. After careful toothbrushing there are still ca. 10 6 bacteria per mm 2 of enamel surface (unpublished data). This tenacious attachment leaves more than enough remaining bacteria to recolonize.
Acquisition of the Oral Microbial Flora
The oral cavity is both similar to other mucosal sacs and unique due to the presence of teeth as hard non-shedding surfaces. It is the beginning of the gastrointestinal tract and is unique anatomically, from a microbial ecologist's perspective, by providing numerous microhabitats and potential niches for micro-organisms to colonize. These habitats are diverse: the mucosal surfaces of the cheeks, ventral surface of the tongue, the unattached gingival tissues, and the gingival crevices, which are nonkeratinized epithelial surfaces with a rapid rate of turnover. The palate with its rugae and the attached gingiva are keratinized. The tongue is also very unique, with its keratinized dorsal surface and its nonkeratinized surfaces in and around its papilla. Further, the tongue consists of relatively deep (several mm) crypts and valleys between papilla which remind one of the microvilli present in the small intestine, which by its nature provides an enormous surface area. These epithelial surfaces which may be potentially colonized by bacteria are constantly shedding and are totally renewed every 24-48 hours. That is, epithelial cells are constantly being lost at the surface and are being replaced from below. Thus, bacterial colonization of the oral mucosal surfaces, except the tongue dorsum and its papilla, and the gingival crevice which provides more retentive areas, tends to be sparse on a per-epithelial-cell basis. Unquestionably, the most unique anatomic feature of the human oral cavity-or, for that matter, of the entire human body-is the teeth. These highly mineralized surfaces (95% for enamel, and 50-70% for cementum and dentin, respectively) are exposed to the environment (unlike bones) and are, for all intents and purposes, non-shedding, i.e., they have little surface turnover.
The indigenous microbial flora of the human oral cavity develops slowly into a complex community. When adult microhabitats (teeth and gingival crevices) are formed, as the anatomical development of the oral cavity from birth to adulthood occurs, it reaches its most complex state. The human oral cavity in utero is usually sterile. At birth, the neonate's oral cavity comes into contact with considerable numbers and kinds of microbes from a variety of external environmental sources, i.e., air, water, food, but especially with other human beings, particularly the attending medical personnel, and shortly thereafter, the mother, family, and friends. Most of these microbes are transitory and are not found consistently with repetitive sampling. However, the establishment of an indigenous flora begins to occur within the first days of the infant's life. Streptococcus salivarius is the first permanent colonizer of the edentulous infant's oral cavity, i.e., its tongue dorsum (Socransky and Manganiello, 1971) . As weeks and months go by, an increasingly complex flora develops. The early colonizers are the Veillonella, Fusobacterium, Actinomyces, and other streptococci and a few Gram-negative rods (Kononen et al, 1992 (Kononen et al, , 1994 .
When the infant is six months of age (on the average), the first lower incisors erupt, offering a new and unique surface for colonization. It is at this time that the mutans streptococci and certain sanguis streptococci start to colonize the mouth. The sanguis streptococci permanently colonize teeth very rapidly. Some estimates suggest that this may occur within days of the eruption of the first tooth (van Houte and Green, 1974) . When teeth erupt, another microhabitat, the gingival crevice, is formed. Although shallow (less than 1 mm), it provides another unique retentive area. When the infant is 6-12 months old, the oral cavity's microflora becomes increasingly complex. However, various estimates suggest that Gram-positive facultative organisms constitute from 60 to 75% of the entire microflora, with the streptococci as predominant organisms (McCarthy et al, 1965) . 7 (2) 180-198 (1996) This is also the time period, from 6 months to 2-3 years, that the infant's teeth may be first colonized by the mutans streptococci. Mutans streptococci and certain sanguis streptococci colonize only a dentulous mouth, or one with a prosthesis such as full dentures (Socransky and Manganiello, 1971) . Colonization by the mutans streptococci (and certain sanguis streptococci) is sporadic and occurs throughout the first few years of life (Berkowitz et al, 1975; Berkowitz and lones, 1985) . Caufield et al, (1993) found that at least the initial colonization of mutans streptococci occurs during a so-called "window of infectivity", between ca. 19 and 33 months of age. Mutans streptococcal strains are, for the most part, transferred maternally or by the predominant caregiver in the infant/child's life at this time (Li and Caufield, 1995) . Little information is available for infectivity in later years, but it is highly probable that other windows exist, perhaps when the permanent teeth erupt (Alaluusua et al, 1994) , since the presence of low numbers of mutans streptococci in the human population is practically ubiquitous. A high infective dose of mutans streptococci caused increased colonization in those described as "millionaires" (i.e., 10 6 mutans/mL saliva) and who also had high numbers in plaque (Zickert et al, 1983) . Animal studies (van Houte and Upeslacis, 1976; van Houte et al, 1976 ) also showed that S. mutans strains will colonize rats in the absence of sucrose. However, this colonization's infective dose was ten-fold higher for rats not receiving sucrose and is estimated to be much higher than is necessary for sanguis streptococci to colonize, as reviewed by Tanzer (1979 Tanzer ( , 1981 .
Less-definitive timetables have been established for the acquisition of the fastidious anaerobic microflora, such as P. gingivalis, Campylobacter sp., or the spirochetes. These organisms have been documented to colonize fairly early in the child's life, i.e., from a few days to less than five years (Kononen et al, 1992 (Kononen et al, , 1994 . They are not ubiquitously present, nor is the entire mature community of microbes present until late adolescence or early adulthood. This is not to say that all persons are colonized by all species at this time, but most will have a stable community of microbes. Once a stable community is formed, a transfer of specific bacterial species between individuals resulting in colonization generally does not occur, unless coincident with dramatic changes in environmental and/or habitual changes. Even spouses generally retain their own respective microflora (van Steenbergen etal, 1993) .
With the exception of mutans streptococci and certain sanguis streptococci and the spirochetes, the tongue dorsum is the primary microhabitat and ecological niche for the majority of indigenous microbes, including P. gingivalis and other fastidious Gram-negative anaerobic rods van Winkelhoff eta!., 1986 van Winkelhoff eta!., , 1988 ). This appears to be the major reservoir for ongoing recolonization of the tooth surfaces and gingival crevice.
Saliva cannot be considered as a microhabitat but nevertheless plays a major role in the recolonization of bacteria on oral surfaces. Rather than acting as an ecological niche, saliva is an oxymoron, playing an important role in both limiting colonization of most surfaces in the oral cavity, as well as in bathing these surfaces with micro-organisms shed primarily from the tongue, other mucosal surfaces, and dental plaque. In fact, unstimulated saliva frequently contains from 5 x 10 7 -1.0 x 10 8 bacteria/mL. The role of saliva and its components should not be underestimated insofar as it controls and stabilizes the very complex oral ecosystem.
Description of the Salivary Pellicle
One function of saliva is the coating of teeth. The salivary pellicle is an acellular insoluble membranous layer, ca. 0.1 to 1.0 microns thick, derived primarily from the adsorption of mucinous glycoproteins from the saliva. It is tenaciously attached to the enamel surfaces. The salivary pellicular structure, composition, and function have been widely studied {Levlneet TabakeU/., 1985; Tabak and Bowen, 1989; Rykke and Rolla, 1990a,b,c ; Rykke et al, 1990) . \n vivo, the pellicle forms within seconds to minutes whenever an enamel surface is exposed to saliva. Secondary salivary constituents include (but are not limited to): proline-rich proteins (PRPs), statherin, cystatins, histidine-rich proteins, lysozyme, amylase, secretory IgA, IgG, and bacterial-derived glucosyltransferases (Sonju and Glantz, 1975; Bennick, 1982) . Although having structure, a mosaic of salivary proteins and glycoproteins, its surface appears to be amorphous without a sense of an especially discernible pattern. No doubt future research will show that its formation is not random, but is significantly regulated by differences in an individual's enamel and salivary composition. \n vitro and in vivo experiments with saliva-coated enamel (hydroxyapatite), compared with saliva-coated substratum other than enamel (glass, Teflon, or dental composite materials), showed significant differences in pellicles, both in in vitro surface energetics and chemical composition, and in vivo in subsequent significantly different bacterial loads (Sonju and Glantz, 1975; Baier and Glantz, 1978; Rykke and Rolla, 1990a,b,c ; Rykke et al, 1990; Espe et al, 1991; Vassilakos et al, 1992) . Certain hydrophobic tooth coatings may also dramatically influence pellicle composition and thus subsequent bacterial compositions. For example, the dynamic contact angle measurements of enamel and the hydrophobic resin composite Silux™ were measured with and without a salivary pellicle. Saliva-coated Silux™ pellicles were significantly more hydrophobic than the hydrophilic saliva-coated enamel pellicles (Resch et al, 1993; Bloomquist et al, 1994) . This may partly explain the slower rate of plaque accumulation onto this hydrophobic surface in the mouth (Espe etal, 1991) .
Human Dental Plaque Development
Since dental microbial diseases primarily affect the tooth and/or its supporting structures, the study of human dental plaque development has been emphasized by oral microbial ecologists. As noted earlier, mutans streptococci (caries) and P. gingivalis (periodontal disease) are putative pathogens. Ecologists looked to discover whether specific mechanisms of colonization of these organisms could be altered in some way to control specific amphibionts' colonization without significantly affecting the rest of the healthy, stable microflora (Marsh, 1989) . This point was especially important for the endogenous diseases of dental caries and periodontitis, since most forms are chronic, slowly progressing, and relatively painless to the majority of people affected.
Specific Adherence to Salivary Pellicle
It has been suggested that bacteria initially approach teeth due to van der Waals forces and when closely approximated are bound by electrostatic or hydrogen ion forces (Doyle et al, 1985; Quirynen et al, 1989 Quirynen et al, , 1990 . Further, there have been numerous proposals regarding the influence of the pellicle's surface free energy and zeta potential on the attachment of bacteria to the tooth surface (Busscher et al, 1984; Weerkamp et al, 1985 Weerkamp et al, , 1988 Glantz and Baier, 1986; Busscher and Weerkamp, 1987) . However, the surface charge properties do not adequately explain the surface tropisms previously seen during the acquisition of a child's oral flora.
In 1970, a short note published by Hillman et al. (1970) described the influence of saliva on bacterial adherence in vitro. The various plaque bacteria tested adhered well to untreated enamel powder, but adherence levels were significantly influenced (both positively and negatively) by the presence of an in vitro salivary pellicle. S. salivarius was strongly inhibited from adherence to the saliva-coated enamel powder, whereas the adherence of S. sanguis strains was greatly enhanced. Subsequent experiments in vivo (van Houte et al., , 1971 supported this observation, suggesting that a great deal of specificity was involved in adherence to the salivary pellicle. The selectivity of S. sanguis was observed even in seven-day-old plaque. These initial experiments provided a partial explanation as to why S. salivarius was not present in plaque in significant numbers and why S. sanguis was present in high numbers. Prior to these experiments, nutritional, metabolic, and cooperative or antagonistic interactions between bacteria and between host factors had received all of the attention.
Since these experiments, the specificity of bacterial attachment to saliva-coated enamel or hydroxyapatite has been widely studied by means of various in vitro assays, as reviewed by Gibbons (1989) . Significantly, the tropisms identified through these experiments were reflected in vivo in developing plaque (i.e., less than 24 to 48 hours old) in the relative proportions of bacteria actually found on teeth. Thus, bacteria exhibiting a low affinity for experimental pellicles were not found in significant numbers in developing plaque and vice versa, as reviewed by Gibbons (1984) . Two organisms of specific interest were S. mutans and P. gingivalis, which exhibited a relatively low affinity for the experimental pellicle in vitro (unless sucrose was present in the case of S. mutans) and were also not generally present in high numbers in developing plaque.
Search for Microbial Adhesins
Since the pellicle has selectivity and specificity for certain indigenous bacteria, a search for lectin-like components referred to as adhesins began in earnest. By the mid-1980's, it was known that many prominent plaque bacteria (those seen in developing plaque) shared many cross-reacting antigens (Scholler et al, 1981 (Scholler et al, , 1983 . Investigators proceeded to isolate, purify, and characterize these antigens and adhesins. Adhesins continue to be isolated, characterized, and the adhesin genes cloned, from a variety of prominent and less proportionally prominent indigenous plaque bacteria. Adhesins from mutans streptococci, sanguis streptococci, Actinomyces, Haemophilus, Neisseria, Fusobacteria, Eikenella, Prevotella, Porphyromonas, and others have been described Boyd and McBride, 1984; Issacson, 1985; Murray etal, 1986 Murray etal, , 1988 Fives-Taylor etal, 1987; Ganeshkumareta/., 1988; Lamont etal, 1988; Rosan et al, 1989; Lai et al, 1990; London and Allen, 1990; Nyberg et al, 1990; Tokuda et al, 1991; Haapasalo et al, 1992; Hasty et al, 1992; (enkinson, 1992; Wu-Yuan and Gill, 1992; Sharma et al, 1993; Duchesne et al, 1995) .
Adhesins have been found associated with the bacterium's fimbriae, fibrils, pili, or, more appropriately perhaps, non-flagellar external appendages. Adhesins are also associated with Gram-negative outer cell membranes and/or vesicles. Families of adhesins among species which are nearly homologous genetically are reminiscent of the cross-reacting antigens found by Scholler et al. (1983) . For example, among the various viridans streptococci and within the sanguis streptococci are adhesins named FimA, ssab, ssp-5, SraA, Psia, and ScbA (Correiaetfl/., 1995) . The mutans streptococcal antigens A, B, and I/II have become adhesins PI, SAI/II, PAc, and AgnB, which are all closely related.
The expression and transport of adhesins have also been studied. Single organisms often possess more than one adhesin having different receptor specificities (Hasty et al, 1992) . Morris and McBride (1984) first described two different adhesins present on S. sanguis strain 12. The notion of multiple adhesins on sanguis streptococci, 7(2): 180-198 (1996) Crit Rev Oral Biol Med however, was demonstrated most elegantly by a body of work by Doyle and co-workers using kinetic saturation models (Doyle et al, 1985; Cowan et al, 1987) . The exquisite work by Doyle's group described a multi-step process of adhesion. Similarly, Moreno and Gibbons (Gibbons et al, 1983a,b) described both high-and low-affinity binding to in vitro pellicle. Reversible equilibrium is first probably governed by long-range forces (non-specific in nature), followed by a transition to higher-affinity binding. Nonetheless, other than specific growth factors, it is not clear why two separate organisms would be found in significantly different numbers in vivo, and yet show similar in vitro binding affinities via Langmuir isotherm determinations (Doyle et al, 1985) . Various unresolved explanations for this difference have been offered, e.g., that certain strains possessed (or rather expressed) higher numbers of adhesins per cell, or more adhesins for the same pellicle receptor, or multiple adhesins to different receptors. Unfortunately, few investigators have incorporated desorption along with adherence experiments as part of their design protocol to examine the reversible binding phase. The less-hydrophobic surface on the mutans streptococci (Gibbons and Etherden, 1985) and the Gram-negative species (Liljemark et al, 1985) may explain why these bacteria are not able to compete as effectively for similar binding sites, and strongly supports Doyle's hypotheses.
Some of the most widely studied adhesins are the types 1 and 2 fimbriae of A. viscosus (Cisar et al, 1979; Clark et al, 1984; Mclntire, 1985; Kolenbrander, 1988; Kolenbrander and London, 1993) . A. viscosus, which has an overall hydrophilic surface and type 1 fibril adhesins, binds in vitro to proline-rich proteins on experimental pellicle, yet does not saturate pellicle-binding sites in vitro. It has, at best, a transitory attachment to teeth in vivo during the first days of plaque formation (Syed and Loesche, 1978; Liljemark etal, 1986) . It is not clear, therefore, what the ecological role for these fimbriae is at this point. It is possible that they adhere more avidly (specifically) instead to collagen-like binding sites found in vivo Hawkins et al, 1993; Switalski et al, 1993) , or that they desorb after cleaving terminal sialic acid moieties on the mucinous glycoproteins of pellicle (see below), or that they may adhere only to pellicles enriched in proline-rich proteins (Gibbons and Hay, 1988) .
The Search for Salivary Receptors
Researchers have studied other parameters to look for potentially significant factors involved in plaque development. Gibbons and Spinell (1969) first found that whole saliva or its component glandular excretions, i.e., parotid, submaxillary, submandibular, and sublingual salivas, caused significant aggregation of many plaque bacteria. Those species found predominant in supragingival plaques appeared to be positively correlated with the strength and magnitude of the aggregation. This phenomenon was interpreted as a mechanism of plaque cohesiveness.
Shortly after this discovery, a fraction of saliva containing high-molecular-weight mucinous glycoprotein/s was isolated by Hay and co-workers (1971) , which induced aggregation of many indigenous plaque bacteria. Since it was also known that mucinous glycoproteins made up a substantial portion of the constituents of salivary pellicle, it was logical that these glycoproteins could also serve as salivary receptors. Indeed, much subsequent research confirmed that, for many species, the mucinous glycoproteins provided for agglutination and/or for adherence, as reviewed by Gibbons and van Houte (1980) .
Early experiments suggested that, with some streptococci, the agglutinating factors and adherence-promoting receptors were sometimes the same, and for others, different (Liljemark and Schauer, 1977; Rosan et al, 1982a,b) . Further, saliva's ability to aggregate bacteria plays a predominant role in limiting colonization of surfaces within the oral cavity by agglutination before bacteria come into contact with a surface, causing aggregates too large to adhere to be swallowed Ligtenberg et al, 1993) . Since the concept of multiple adhesins was being proposed, a renewed emphasis on common salivary receptors was initiated. Several studies had already shown a number of agglutinins in saliva for different species. Kashket and Donaldson (1972) showed differences in aggregating factors for S. sanguis and Streptococcus mitis. Agglutinating factors for S. mutans which seemed different from those for S. sanguis and S. mitis were also described (Ericson et al, 1975; Ericson and Arwin, 1985; Demuth etal, 1988 Demuth etal, , 1989 LamonUUl., 1991) .
Amylase and lysozyme are other pellicle constituents from saliva which bound to and aggregated certain bacterial strains, but appeared not to be present in significant enough quantity in the pellicle to foster significant binding. This was also true for the immunoglobulins and secretory IgA (Liljemark et al, 1979; Rundegren and Arnold, 1987a,b) . However, a recent report by Scannapieco et al (1995) demonstrated binding of S. gord onii to amylase-enriched salivary pellicles in vitro. Additional recent work quantifying amylase and lysozyme bound to streptococci in vivo may lead to a better understanding of their role (Rudney et al, 1995) .
The mucinous glycoproteins were also found to provide a potentially significant number of receptors involved in aggregation/adherence (Demuth et al, 1990a,b) . Although the mucinous glycoproteins' terminal neuraminic acid appeared to play a significant role in both aggregation and adherence, it soon became apparent that it was not a receptor for all micro-organisms. A. naeslundii and Haemophilus species were found to adhere well to sialidase-treated pellicles (Levine et al, 1978) . These species also produced sialidase constitutively (Ellen et al, 1980; Liljemark et al, 1985) . Cleaving of the terminal neuraminic acid of these glycoproteins exposes a variety of carbohydrate linkages, thus creating new receptors among the oligosaccharides (Gibbons et al, 1983a,b; Cowan etal, 1987) .
Salivary receptors are often contained in large, complex molecules, pleomorphic between people (Kishimoto et al, 1990; Hay et al, 1994; Schlesinger et al, 1994) . Significantly fewer scientists have studied specific pellicle receptors and agglutinins than their corollary bacterial adhesins. This is unfortunate, because the driving force behind plaque formation is the relationship between the microbiota and the various aggregations and adherence-promoting receptors in saliva and the salivary pellicle. Too little is known about the relationship between saliva and its occupants.
However, considerable research emphasis has been placed on the proline-rich proteins (PRPs) and statherin, particularly, for their role in regulating the concentration of calcium and phosphate in saliva (Schwartz et al, 1992) . However, it has also been shown that PRPs and statherin serve as pellicle receptors in vitro for some of the sanguis streptococci and Actinomyces species (Gibbons and Hay, 1988; Gibbons et al, 1991) . However, the PRPs do not induce aggregation of organisms in suspension. An apparent conformational change occurs when they bind to hydroxy-apatite, which exposes the binding moieties. These receptors were called "cryptitopes" by Gibbons (1989) . This novel observation has been extended to statherin (Raj et al, 1992; Ramasubbu et al, 1993) and helps explain some of the differences between aggregation and adherence. At present, precise and specific binding receptors are being identified and can be likened, in large part, to the families of adhesins described for the bacteria (Prakobphol et al, 1982; Demuthetal, 1990a,b; Crowley et al, 1993) .
Plaque Matrix: Interbacterial Adherence
Developing plaque does not form as a monolayer of bacteria on the tooth surface, but after 8-12 hours often becomes a multi-layered structure. Thus, since it is not removed by saliva, eating, or drinking, it must have mechanisms which hold it together.
Salivary agglutinins may play a dominant role in plaque cohesion. Salivary aggregating components bound to bacteria can be imagined as a sort of salivary bacterial pellicle. Bacterial pellicle is not synonymous with salivary pellicle, since it is not a membranous insoluble coating. That is, at the periphery of plaque, there is a layer of salivary proteins which more or less covers bacteria. Recent in vitro studies have shown that these adsorbed agglutinins influence the interaction between both identical and very different species (Skopek and Liljemark, 1994) . This is probably the reason S. sanguis continues to show high affinity for even seven-day-old plaque (van Houte et al, 1971) .
A second important potential mechanism for plaque cohesion involves direct inter-species aggregation. First shown by Gibbons and Nygaard (1970) , and subsequently described in detail by Cisar and co-workers in the late 1970's (Cisar et al, 1979) , the in vitro study of "coaggregation" has expanded dramatically following the publication of a research paper by Slots and Gibbons (1978) which involved two subjects. This study showed that P. gingivalis adhered much better to pre-formed (48-hourold) plaque in vivo than to cleaned tooth surfaces, which suggested that this may be a prominent mechanism in determining the microbial composition of developing dental plaque. Kolenbranderand co-workers, and others, have described hundreds of these interactions in great detail (Kolenbranderand London, 1993) . \n vitro coaggregation interactions are very specific and involve a complex array of adhesins and receptors between different indigenous bacterial surfaces. This phenomenon is still proposed as a pre-eminent mechanism in plaque development and is suggested to affect both bacterial composition and quantity.
Unfortunately, coaggregation mechanisms have rarely been tested directly in vivo or by means of in vitro models which take salivary components into account. Those studies which have included saliva have yielded mixed results. In certain cases, coaggregations were not influenced by the presence of saliva (Kolenbrander and Andersen, 1986) , and in others were strongly influenced (Komiyama and Gibbons, 1984) . \n vitro data from our laboratory have suggested that saliva plays a more predominant role than coaggregation in determining which bacteria are more likely to adhere with high avidity and specificity to a bacterial pellicle (Skopek and Liljemark, 1994) . "Bacterial pellicles" were studied in vivo with continuous layers of streptococci (tightly bound to a flat surface by means of a biological adhesive) used as a planar surface for subsequent natural plaque formation. An average of 250,000 indigenous bacteria per mm 2 streptococcal surface were adherent after four hours. This was not a one-to-one attachment (which would yield from one to two million bacteria/mm 2 ) and behaved like the original salivary pellicle, also tested in vivo, since the number of binding sites was saturable (Skopek et al, 1993; Skopek and Liljemark, 1994; Bloomquist et al, 1996) . Thus, at this point it is not known to what degree interbacterial adherence influences the composition of dental plaque. It seems most likely that the initial adherence to the salivary pellicle (and similar pioneers subsequent to bacterial pellicles) plays the predominant role in determining which species are present in developing plaque. Succession via growth may diversify the popula-tion over time, permitting poorer adherers to become more predominant. Interbacterial adherence is perhaps a mechanism involved with the cohesive nature of the plaque.
Plaque Matrix: Glucans
Finally, a third proposed mechanism of plaque cohesion involves the synthesis of extracellular polysaccharides by plaque bacteria. Most notably, glucans produced from sucrose via the constitutive glucosyltransferases (GTFs) found in many predominant plaque microbes. Although the role of glucans as a cohesive force in the plaque matrix has been perceived to be limited to mutans streptococci, glucans from many species may be important in initial phases of plaque development, both qualitatively and quantitatively (Freedman et al, 1983; Tanzer et al, 1984; Bloomquist eta!., 1994) .
\n vitro studies have shown that glucan binds well to experimental pellicle (Liljemark and Schauer, 1977) . These studies also found that many mutans streptococci bind better to glucan-treated experimental pellicle. More recent reports have located GTF in natural salivary pellicles and found that, when sucrose was present, glucans are formed (Scheie et al, 1987) . Further, GTFs added to experimental pellicles, in the presence of sucrose, enhanced S. gordonii and mutans streptococcal binding to that experimental pellicle, respectively (Hiroi et al, 1992; Schilling and Bowen, 1992) . However, many mutans streptococci also possess adhesins which will bind, albeit with much less affinity than that of the sanguis streptococci, to experimental pellicle. These adhesins are generally found on S. mutans strains and less often (at least at this time) on S. sobrinus strains. Gibbons et al. (1986) have proposed that S. mutans strains colonize via their adhesins and that S. sobrinus does not, but is mostly dependent on glucans. There is much disagreement at the present time concerning these two mechanisms, which may simply reflect the difference between the strains and the species used in the various studies. It is generally accepted, however, that sucrose and glucans via their glucosyltransferases (bound to the mutans streptococcal surface) and glucan-binding proteins (unique to mutans streptococci) play an important role in the establishment of mutans streptococci and, thus, in subsequent caries production.
Although the role of glucans as a virulence factor in animal caries studies has been established, the role of glucans in human plaque formation is only now beginning to be understood in in vivo studies. Data from our laboratory extended and confirmed the observation that accumulation of streptococci is much more efficient in the presence of sucrose rinsing (de Stoppelaar et al, 1970; Hiroi et al, 1992; Schilling and Bowen, 1992 ). It appears that, in the presence of sucrose, the rate of increase of initial adherence is due to a measurable increased number of pellicle-binding sites. Not only was mutans streptococcal adherence promoted, but also that of most streptococcal species and Veillonella species. GTFs may not need to be tightly bound to cell surfaces; even if transiently bound, they foster an increased rate of initial adherence to the tooth (Carlsson and Egelberg, 1965; McCabe and Donkersloot, 1977; Bloomquist et al, 1994) . Further, as shown by Carlsson and Egelberg (1965) , the presence of sucrose increases the plaque mass dramatically, and not just mutans streptococci.
Adherence, Colonization, and Growth of Bacteria in Human Dental Plaque
Most adherence assays have been done with an experimental pellicle and hydroxyapatite in vitro. Much valuable information has accumulated from these studies (Gibbons, 1989; Hsu etal, 1994) .
However, when one calculates the numbers of bacteria it takes to saturate pellicle sites in vitro, somewhere between 0.1% and perhaps 10% of the hydroxyapatite surface is covered with bacteria. 0rstavik has estimated that, at this rate of accumulation, by adherence alone, it could take 30 days to see the accumulations observed in vivo in 24 hours (0rstavik, 1984). Thus, growth of bacteria obviously plays a dominant role in the plaque masses observed. In fact, colonization by a microbe implies its adherence to a surface in a manner which is sufficient to allow it to undergo cell division, or colonization involves prolonged attachment of an organism to a surface which allows it to grow.
Estimates by both Gibbons and Loesche have suggested that plaque bacteria divide from four to six times in the first 24-hour period of plaque formation in the mouth, suggesting a four-to-six-hour generation time (Gibbons, 1964; Loesche, 1988) . From these authors comes the prevailing view that plaque bacteria grow slowly. This growth rate implies limited nutrition from the host diet, salivary glycoproteins, and cross-feeding between bacteria, i.e., sanguis streptococci providing nicotinamide adenine dinucleotide (NAD) for Haemophilus parainfluenzae, or streptococci providing lactate for growth of Veillonella. This possible cross-feeding is not evident, since any proportional shifts in bacterial composition in developing plaque from four to 24 hours are not dramatic .
Recent in vivo experiments from our laboratory have confirmed in vitro studies that adherence saturates the pellicle-binding sites fairly rapidly, covering ca. 3-30% of the surface with about 250,000-630,000 bacteria per mm 2 during the first four hours of plaque formation (Bloomquist et al, , 1996 . At approximately two to six million bacteria per mm 2 enamel surface, there was a marked increased incorporation of radiolabeled nucleoside per bacterium, which appeared to be cell-density-dependent. The predominant species group in developing dental plaque during this apparently density-dependent period of rapid growth (from three to four doublings) was the sanguis streptococci; however, most species present showed a similar pattern of increased DNA synthesis at the same population density. This high amount of DNA synthesis is believed to be due to the population producing a signal or condition which stimulates rapid growth. These in vivo measurements of adherence and growth correlate very well with the previous observations on plaque proportions and help explain why the first colonizers are still predominant when the plaque mass has increased dramatically.
Why Do These Endogenous Pathogens Survive?
How do less avid adherers, then, survive to multiply, colonize, and cause disease? The most prominent putative pathogens involved in dental caries and chronic periodontitis-the mutans streptococci and P. gingivalis-do cause disease. Since these organisms are generally considered to be ubiquitous indigenous microbes in the oral cavities of humans, how is it that most of us are not edentulous 9 Fortunately, we are usually not heavily colonized by these microbes. For example, mutans streptococci are usually found in high proportions only in immediate apposition to initial decalcification sites on enamel (van Houteetai, 1991 (van Houteetai, , 1994 van Houte, 1994) . Mutans streptococcal colonization of teeth is often localized to a few surfaces, predominantly the pits and fissures and approximal areas, thus establishing primarily retentive habitats, as reviewed by Tanzer (1979) and by Loesche (1986) .
Similarly, P. gingivalis is not found ubiquitously in a gingival crevice area, but tends to prefer deeper sulci, and is not often found in healthy sites, even in people with chronic periodontitis (Socransky and Haffajee, 1992) . Caries and periodontal disease/s are a result of the constant recolonization of these more retentive sites. It has been amply demonstrated that scrupulous oral hygiene prevents both caries and chronic periodontitis (Axelsson and Lindhe, 1974; Axelsson et al, 1991) . With good oral hygiene, these microbes must colonize to replace the predominant species, even at those sites susceptible to disease. This is particularly true for a developed country whose population has regular oral hygiene habits and recall visits for professional tooth cleanings.
From a microbial ecologist's point of view, both mutans streptococci and P. gingivalis are extremely disadvantaged. Mutans streptococci can only colonize teeth and are constantly being swept away and swallowed. P. gingivalis is very fastidious and is practically an obligate anaerobe, which physiologically severely limits its dispersion from its primary reservoir, presumably from the deep crypts of the tongue dorsum. Both organisms possess pellicle-binding adhesins for the salivary pellicle. P. gingivalis has both fimbria-associated adhesins and vesicle-associated adhesins which bind to the salivary pellicle. Many mutans streptococci are capable of producing and binding glucans, and produce GTFs which are found in salivary pellicle. However, people must be on relatively high-sucrose diets in order for sufficient numbers of mutans streptococci to be present in saliva. Both organisms also have adhesins which bind type I human collagen receptors found on root surfaces and on other oral surfaces Hawkins et al, 1993; Switalski et al, 1993) ; however, the role of this binding needs further study. For both organisms, agglutinins from saliva have been identified and interspecies partners in the coaggregation phenomena demonstrated.
Why is it, then, with this armamentarium of ecological positives for recolonization, that they generally colonize with difficulty? Perhaps the most important reason is the bacterial cell numbers available for binding (infective dose). Except in caries-susceptible people and periodontally diseased mouths, very low numbers of these organisms are recovered from saliva (Emilson et al, 1989) . Second, except for glucan binding, both mutans streptococci and P. gingivalis' adhesive interactions with pellicle are weak compared with those of the sanguis streptococci and many other early colonizers. The reasons for their weak interaction are unclear. It may be due to fewer adhesins expressed per cell, or to adhesin molecules that are not easily stabilized into irreversible binding situations, or to the fact that competition for common salivary pellicle receptors with the many more numerous bacteria in saliva-i.e., sanguis streptococci, Veillonella, and Haemophilus-hampers their ability to adhere initially.
Even though they participate in salivary agglutination and coaggregation phenomena in vitro, as discussed earlier, these parameters are not likely to influence their ultimate colonization. In our opinion, these organisms must recolonize close to their potential site of action or will usually not establish permanent colonization. Thus, for effective recolonization of tooth surfaces or the gingival crevice, these microbes must use adhesins to attach to the pellicle, and not be desorbed for some time (van der Hoeven et al, 1985) . Mutans streptococcal colonization is more effective in people with high-sucrose diets (KrasseeUL, 1967) .
In the case of mutans streptococci, de Stoppelaar et al. (1970) first noted that if sanguis streptococci were very predominant, mutans streptococci were found in very low numbers. The converse was also true. Recently, van der Hoeven and Schaeken (1995) found sanguis streptococci recolonization by mutans streptococci of animals pre-treated with chlorhexidine varnish, at least on lowsucrose diets. In fact, in order for mutans streptococci to 7(2):180-198 (1996) Crit Rev Oral Biol Med cause caries, they must effectively colonize and produce glucans to permit acid to diffuse freely to the enamel surface. Van Houte et al. (1989) used S. mutans cell masses of various cell densities. They showed experimentally that increased separation of cells by glucan increases their in vitro plaque porosity. This increased porosity caused a more pronounced pH drop, especially in the deeper layers. This is also based on the diffusion of sugar (sucrose) through a more porous plaque, which then leads to an even higher rate of acid production and thus a larger pH drop. The application of their data makes it necessary to assume that natural plaque has such a high cell density that these cells prevent this diffusion to prevent maximum acid production, compared with the extracellular glucan-rich maxtrix in S. mutans cell masses. P. gingivalis, on the other hand, must adhere initially close to the gingival sulcus and remain undisturbed. In order for it to survive, its niche must become rapidly anaerobic and its nutritional fastidious nature fed by a not-too-healthy gingival sulcus, perhaps one suffering from gingivitis (a different etiology), where essential serum components become more available.
In Conclusion
Dental plaque is a complex permanent community, and the presence or large numbers of an indigenous species do not correlate with caries or periodontal disease. It is the balance among these species, the anatomical characteristics of the teeth and gingival crevices, and the host diet and hygiene that, when upset, can lead to disease, i.e., these are "conditional diseases". Recent information contributing to our understanding of the development of dental plaque has given us an opportunity for more sophisticated approaches to dental diseases as well as the infections which occur because of other biofilms. These attempts must be designed to "Primum, non nocere" "First, do no harm."
Instead of inhibiting all adherence, keeping dental plaque formation below the density critical for an increase in cell division may be what is necessary to combine healthy plaque bacteria with diminished disease (Wireman and Dworkin, 1975; Theilade, 1988; Marsh, 1991a,b; Bloomquist et al, 1996) . Formation of the biofilm which dental scientists call supragingival dental plaque is a complex and dynamic process. As shown in in vivo studies by our laboratory (Bloomquist et al, 1996) , the indigenous plaque microbiota (mostly sanguis streptococci in the early stages) adhere rapidly to the salivary pellicle with very rapid doubling times, thus excluding significant bacterial division or growth. These rapid doublings become much longer as bacterial numbers reach ca. 2.5 to 6.3 x 10 5 per mm 2 of enamel surface. To us, this may represent saturation of pellicle binding sites and confirms much of the data on in vitro experimental adhesion to salivary pellicle. As determined by scanning electron microscopy (Liljemark et al, 1989) , ca. 1.0 to 2.0 x 10 6 streptococci per mm 2 are necessary for a continuous monolayer. Thus, the numbers 2.3 to 6.3 x 10 5 -what we interpret as saturation-represent ca. 3 to 30% of the surface of enamel. On the average, it takes ca. 4 hours for the salivary pellicle to be saturated. As (0rstavik, 1984) has suggested, even if the pellicle was not saturated, it could take 30 days to accumulate the numbers observed in vivo in 24 hours, even considering bacteria-bacteria binding. Thus, bacterial cell division plays the predominant role in achieving the bacterial numbers observed in dental plaque after 4-8 hours. We have also shown that these bacteria adherent to the tooth surface show a significant burst of growth only when their numbers reach a critical density (see p. 188 of this review). This growth induction is, we believe, autoinduced (that is, caused by the bacterial consortia itself, because the growth induction was density dependent).
Since bacterial proliferation may cause disease with any biofilm of bacteria-whether periodontitis, caries, or infections associated with catheters or other in-dwelling medical devices-control of bacterial division is important. In vitro evidence that adherent bacterial colonies are more resistant than pure cultures to antibiotics has been suggested to be due to nutrient deprivation, the presence of impermeable glycocalyx, and/or the assumed slow growth rates of immobilized cells. The persistence of infections caused by bacterial adherence to inserted medical devices is a significant medical problem. Growth rate is known to be the primary modulator of antibiotic action, and the recalcitrance of stationary-phase bacterial cells to many antibiotics is well-established (Tuomanen et al, 1986; Gristina et al, 1987; Brown et al, 1988) . A short period of active growth induced at a certain density could explain the phenomenon of antibiotic resistance of adherent microbes previously observed in medical practice and current in vitro models. This resistance may not be due to slow growth rates, but to a "bloom" of rapid growth, presumably making the immobilized bacteria susceptible to antibiotics for only a short period of time.
We believe that when plaque bacteria reach this critical density, there is communication between the individual bacteria, triggering the onset of rapid cell division in the population. In many ways, the growth of this indigenous natural population occurs in conditions similar to those required by the Gram-negative soil bacteria Myxobacteria xanthus for "fruiting" body formation: (1) The cells must be present on a solid surface, (2) they are nutritionally deprived, and (3) they must be present at a high cell density (Wireman and Dworkin, 1975; Shimkets and Dworkin, 1981) . Diffusible extracellular signals of myxobacteria require a threshold concentration to effect "fruiting" body formation.
Another procaryote population with evidence of a density-dependent mechanism is the Vibrio fischeri luciferase synthesis. The physiological consequence of luciferase synthesis, cellular luminescence, is controlled by a genetic regulatory mechanism called autoinduction by N-(3-oxo-hexanoyl), a signal model highly dependent on the cell density of V. fischeri (Meighen, 1991) . Growth of the streptococcally dominated developing plaque population may also be affected by the diffusibility of the matrix between the cells. Many oral bacteria, especially the mutans streptococci which cause tooth caries, produce abundant extracellular polymers. As discussed earlier, van Houte et al. (1989) found increased pH-lowering ability of Streptococcus mutans in in vitro cell masses associated with extracellular glucan-rich matrix material (EMM). They interpreted the increase in cell mass pH drop per cell (of cells grown in the presence of EMM producing nutrients, compared with those without abundant EMM) as due to the diffusibility of nutrients being greater in cell masses with abundant EMM. This diffusibility may also provide an increased ability for bacteria to communicate between cells not touching.
Similarly, a recent study in our laboratory examined eight subjects using our plaque development model, but with the normal diet replaced by frequent rinsing with sucrose (EMM-producing) vs. glucose (non-EMM-producing). Evidence from the first day of plaque formation showed the same density-dependent increase in cell division, at the same density of adherent cells as noted above (unpublished data). Some plaque samples, however, began to grow actively at a lower cell density, possibly due to increased diffusibility or to a concentrating effect of EMM produced by the indigenous streptococci. Most importantly, this study showed that the induction of this active growth was independent of the presence of excess glucose or sucrose supply.
These findings suggest that successful colonization of pioneer bacteria on surfaces may be due to a pioneer strain's ability to: (1) adhere competitively and avidly compared with other indigenous strains because of surface free energies and especially specific adhesins; (2) adhere/accumulate to a critical density, perhaps due to a strain's ability to aggregate; (3) produce extracellular glycocalyx as a nutrient/communication media; and (4) produce communication molecules so that bacteria that may not be touching can signal adjacent bacteria, leading to an increased period of bacterial cell division.
If, within the complex oral cavity, adherent plaque bacteria induce rapid growth at a critical density, it can be imagined that other naturally adherent bacterial populations may also do so. If the level of accumulation is kept below this critical density, bacteria adhering to medical or dental biomaterials or other industrial and natural surfaces may be kept from rapid cell division. By examining the dividing vs. viable cell ratios based on biomaterial surface area, and examining experimental biofilms of pathogenic organisms (taking into account the diffusibility of extracellular matrices), we should be able to predict when immobilized bacteria will initiate a period of rapid cell division.
Clearly, there exists a need for better understanding, and predicting, of bacterial growth (cell division) on surfaces. Additionally, a better understanding of the growth of naturally adherent populations may suggest nonantibiotic and discrete eradication methods for pathogenic species when it is necessary to control bacterial infestation of a surface. It may also be possible to encourage the colonization or persistence of "healthy" nonpathogenic species, when complete adherent bacterial eradication is not possible.
